ality in most newborn animals; however, the conseSensory activity leads to a loss of "silent" NMDARquences of early olfactory experience in the CNS have only synapses and an increase in threshold for inducnot been well explored. ing long-term plasticity. These results indicate the Newborn rodents rely on olfactory cues to initiate importance of early olfactory experience in the estabnipple attachment and suckling (Leon, 1992). Indeed, lishment of cortical circuits and could reflect mechamice lacking the cyclic nucleotide-gated channels nisms governing early olfactory "imprinting."
EPSC, and the remaining fast component was blocked flect different rates of maturation of the two inputs in olfactory cortex? To address this question, we comby NBQX (10 M, Figure 2A ). In separate experiments, the AMPAR components of ASSN and LOT EPSCs had pared the relative contribution of AMPARs and NMDARs at LOT and ASSN synapses of P8-P9 and P22 rats. linear I/V relationships and reversed at w0 mV (n = 6, data not shown). We calculated the AMPAR/NMDAR raConsistent with other afferent cortical synapses, the AMPAR/NMDAR ratio increased dramatically with age tio at LOT and ASSN synapses by measuring the peak amplitudes of the NBQX-and APV-sensitive compoat LOT synapses (P8-P9: 0.64 ± 0.074, n = 8; P22: 1.2 ± 0.14, n = 9; p < 0.005 [unpaired t test]; Figures 2C and nents of the EPSCs. We observed a marked difference in the relative contribution of these two receptor types: 2D). However, we found no change in the AMPAR/ NMDAR ratio at ASSN synapses during the same develwhile the peak amplitudes of the AMPA and NMDAR components at LOT synapses were similar, NMDARs opmental period (P8-P9: 0.39 ± 0.072, n = 7; P22: 0.36 ± 0.085, n = 8; p = 0.80; Figures 2C and 2D ). Changes in dominated synaptic transmission at ASSN synapses (AMPAR/NMDAR ratio: LOT, 1.0 ± 0.16; ASSN, 0.31 ± the AMPAR/NMDAR ratio were not accompanied by a marked change in the decay kinetics of NMDAR cur-0.033; n = 24, p < 0.0001 [paired Student's t test]; age, P15-P19; Figure 2B ). rents ( Figure 2E ). These results indicate that there is a developmental increase in the relative contribution of We were intrigued by the large difference in the contribution of AMPA and NMDARs at two distinct inputs AMPARs to excitatory transmission at LOT synapses. In contrast, NMDARs continue to dominate transmisonto the dendrites of the same cell. The relative contribution of AMPARs increases during development in sion at ASSN synapses over the same period. The developmental increase in the AMPAR/NMDAR both visual (Rumpel et al., 1998) Figure 3D ). In these same recordings, we found no evidence for silent syn-2000). However, we found no evidence for a developmental increase in the amplitude of AMPAR quantal apses at LOT inputs in the same cells (success rate: 0.52 ± 0.048 [−80 mV] versus 0.53 ± 0.066 [+40 mV]; n = events (P9: 12.8 ± 1.7 pA, n = 9; P17-P18: 12.9 ± 1.1 pA, n = 10; Figures 3A and 3B) . These experiments rule 10; Figure 3E ). In contrast to these results, LOT stimulation at +40 mV evoked significantly more successes out a general upregulation of AMPARs at LOT synapses during the developmental period in which the AMPAR/ (0.73 ± 0.075) than stimulation at -80 mV in younger (P7-P8) animals (0.57 ± 0.062; n = 6; p < 0.05; Figure NMDAR ratio increases dramatically.
We next considered the possibility that the difference 3F). These results indicate a reduction in the contribution of silent synapses that coincides with the developin the AMPAR/NMDAR ratio at LOT and ASSN inputs reflected a change in the contribution of NMDAR-only mental increase in the AMPAR/NMDAR ratio at LOT inputs. However, silent synapses persisted at ASSN synapses. We alternately evoked synaptic AMPAR responses from ASSN and LOT inputs at −80 mV using synapses, which do not show a developmental change in the relative contribution of AMPA Figure 4D ). The TBOAsensitive component had a very slow rise and a proyoung (P8-P9) and older (P19-P23) animals. We recorded NMDAR EPSCs at +40 mV in the presence of longed decay in both P8-P9 (rise, 123 ± 31 ms; decay, 352 ± 75 ms; n = 8) and P19-P23 animals (rise, 47 ± 8.5 picrotoxin (100 M), NBQX (20 M), baclofen (50 M), and the mGluR antagonist MCPG (400-500 M). Applims; decay, 442 ± 242 ms; n = 7). These uptake-sensitive currents were far slower than the "successes" evoked cation of the glutamate transport blocker TBOA (50 M) led to a small and variable increase in the amplitude of at +40 mV by minimal stimulation in the LOT in P8-P9 (rise, 2.8 ± 0.78 ms; decay, 42 ± 7.0 ms; n = 5) and P15-NMDAR EPSCs in P8-P9 animals (peak: 105% ± 6%; n = 8; p = 0.52). However, in these same cells, the up-P17 (rise, 3.2 ± 0.68 ms; decay, 89 ± 23 ms; n = 9) animals. Together, these data indicate that glutamate uptake blocker caused a marked prolongation of the EPSC decay (charge: 236% ± 40%; n = 8; p = 0.01; take mechanisms are functional by the end of the first postnatal week. Furthermore, the kinetics of the up- Figures 4A and 4C) . In older animals (P19-P23), TBOA had no effect on the EPSC amplitude (peak: 98% ± 8%; take-sensitive NMDAR component were too slow to contaminate our measured success rates in minimal n = 10; p = 0.94), but also prolonged the EPSC decay (charge: 132% ± 13%; n = 10; p = 0.03; Figures 4B and stimulation experiments. Therefore it is unlikely that a maturation of glutamate uptake underlies an apparent 4C). To ensure that the more modest effect of the uptake blocker on NMDAR EPSCs in mature animals was developmental decrease in NMDAR-only synapses at LOT inputs. not due to a reduced sensitivity to TBOA, we tested the effect of the uptake blocker on exogenously applied
The uptake-sensitive component of the NMDAR EPSCs was markedly larger in P8-P9 (55% ± 12% of glutamate. In these same cells, TBOA caused a marked increase in the amplitude of NMDAR-mediated recontrol) than P19-P23 (21% ± 8%) animals. What underlies this difference in NMDAR activation? The ensponses evoked by flash photolysis of caged glutamate (50 M) in layer Ia ( Figure 4B) . hancement of NMDAR EPSCs by uptake blockers has been proposed to reflect either a pooling of transmitter We determined the uptake-sensitive component of However, between the second and fourth postnatal of the olfactory cortex, this assay is quite sensitive to the position of the recording electrode relative to the week the AMPAR/NMDAR ratio in deprived hemispheres was significantly smaller than that in spared LOT. The large changes in cortex size during early development precluded comparisons of synaptic I/O relahemispheres. At P14-P21, the AMPAR/NMDAR ratio of LOT synapses in spared hemispheres (1.14 ± 0.08, n = tionships between young and old animals. We thus developed a different approach to probe the maturation 73/21) was 50% greater than those from deprived hemispheres (0.77 ± 0.04, n = 76/21; p < 0.001; Figure 5B ). of glutamatergic signaling in olfactory cortex.
Early sensory experience has been shown to play an By the fifth postnatal week, the AMPAR/NMDAR ratio in deprived hemispheres had increased to similar levels important role in the maturation of synaptic transmission in other brain structures. To address the role of to that observed in spared hemispheres. The developmental increases in the AMPAR/NMDAR ratio of spared sensory experience in the maturation of transmission in olfactory cortex, we used unilateral naris occlusion and deprived synapses were well fit by sigmoidal curves, with a 1.7 week difference in half-width (spared, (Meisami, 1976 ) to deprive one hemisphere of olfactory sensory input beginning at P1-P3. Because the pro-2.5; deprived, 4.2 weeks) and a 2-fold difference in rate These results do not rule out the possibility of an experience-dependent conversion of silent synapses by the insertion of a quantum of AMPARs. If this were true, there should be a greater fraction of functional LOT synapses, and on average, a greater AMPAR response per LOT release site, in spared versus deprived hemispheres. To address this, we determined synaptic I/O relationships by plotting the initial slope of LOT-evoked AMPAR fEPSPs versus fiber volley amplitude, an indicator of afferent fiber recruitment, over a range of stimulus intensities ( Figures 6B 1 and 6B 2 ) . This approach allowed us to directly compare the relative number of AMPARs at LOT synapses from spared and deprived hemispheres of age-matched animals. We observed only a small and highly variable difference in I/O relationships of AMPAR fEPSPs between spared and deprived hemispheres, whether the data were pooled and (spared, 0.29 ± 0.04 ms −1 ; deprived, 0.52 ± 0.07 ms −1 ; To determine whether sensory deprivation was asson = 6, p < 0.05; Figure 7B 4 ). These data indicate that a ciated with changes in release probability, we meamarked activity-dependent decrease in NMDAR-medisured the PPR of LOT-evoked fEPSPs. We found no ated transmission contributes to the difference in difference in paired-pulse facilitation in slices from AMPAR/NMDAR ratio between deprived and spared spared (1.76 ± 0.13, n = 9/3; P14-P16) and deprived hemispheres in the third postnatal week (i.e., Figure 5B ). was unaltered (99% ± 6.5%). These data indicate that LTP at LOT inputs is synapse specific and confirm a 1999; Yoshimura et al., 2003) and may underlie the cortical critical period. We therefore examined whether olrole for NMDARs in long-term synaptic plasticity at these synapses (Jung et al., 1990; Kanter and Haberly, factory experience altered the relative contribution of NR2 B subunits at LOT synapses when the greatest dif-1990). We next considered whether LTP at afferent synference in NMDAR expression at spared and deprived slices was observed (P17 ± 1). Application of the NR2 Bapses in the olfactory cortex is regulated by early sensory experience. In slices from the spared hemispheres selective antagonist ifenprodil (3 M) reduced the amplitude of LOT NMDAR EPSCs by 28% ± 7.0% in of rats (P16-P23) that had undergone postnatal naris occlusion, a TBS induced a long-lasting potentiation of spared (n = 7/4) and 33% ± 5.3% in deprived hemispheres (n = 7/4; p = 0.51; Figure 8B ), indicating no fEPSPs (135% ± 5.0%, n = 25/9). Deprived hemispheres from the same rats showed markedly greater LTP difference in the relative expression of NR2 B at spared and deprived synapses. In agreement with these re-(157% ± 4.9%, n = 26/9; p < 0.005; Figure 9B ). The larger magnitude of LTP in deprived versus sults, there was no difference in the decay time constant of NMDAR EPSCs in spared (109 ± 6.0 ms, n = spared hemispheres could reflect either a difference in the amount of LTP that could be expressed or in the 7/4) and deprived (106 ± 11 ms, n = 7/4) hemispheres. These experiments show that the critical period of ability to induce LTP. To distinguish between these possibilities, we followed the first, weak TBS with a NMDAR plasticity at LOT synapses is not associated 
stronger TBS to approach the maximal amount of LTP
To demonstrate directly the role of NMDAR expression in setting the threshold for LTP induction, we next that can be expressed at LOT synapses. Strong tetanic stimulation further potentiated spared and deprived determined the concentration of APV that blocked w50% of NMDARs at LOT synapses. Application of synapses to similar levels (spared: 179% ± 12%, n = 11/5; deprived: 204% ± 16%, n = 11/5 p = 0.23; Figure  5 M APV decreased the amplitude of LOT NMDAR EPSCs to 49% ± 6.8% of baseline (n = 5; Figure 9D ). 9B). In a separate set of experiments, we induced LTP using only a strong TBS (16×). Under these conditions, We next determined the effect of reducing the fraction of functional NMDARs on LTP induction at LOT synspared and deprived slices were similarly potentiated (spared: 196% ± 20%; n = 7/3; deprived: 186% ± 15%; apses. Control experiments were interleaved with slices bathed in 5 M APV. A weak TBS resulted in signifin = 7/3; p = 0.68; Figure 9C ). These data indicate that cantly less LTP in the presence of 5 M APV than in olfactory experience raises the threshold for LTP induccontrol slices (150% ± 6.9%; n = 7 versus 112% ± 2.9%; tion without affecting its expression. n = 6; p < 0.001; Figure 9D 2 ). A subsequent strong TBS In these experiments examining the effect of sensory further potentiated both control and APV-treated syndeprivation on synaptic plasticity, the age of the aniapses to similar levels (control: 194% ± 18%, n = 7; 5 mals corresponded to the developmental window in M APV: 165% ± 7.8%, n = 6; p = 0.19). These findings which we observed the greatest effects of naris occlushow that both a fractional block and the experiencesion on the contribution of NMDARs to synaptic transdependent downregulation of NMDARs had virtually mission (P16-P23; Figure 5B ). In older rats (P26-P32), identical effects on LTP induction. Thus, early sensory TBS induced significantly less LTP than that in spared experience downregulates the expression of synaptic synapses of younger rats (P26-P32: 120% ± 3.8% of NMDARs in olfactory cortex, which raises the threshold baseline, n = 10 versus P16-P23: 135% ± 5.0%). Taken for LTP induction at LOT synapses. together, these results indicate that early olfactory experience progressively raises the threshold for the inDiscussion duction of LTP. This is consistent with the hypothesis that an activity-dependent downregulation of NMDARs raises the induction threshold for plasticity at afferent
In this study, we examined the development of synaptic transmission in the primary olfactory cortex. Over the olfactory cortical inputs. sion therefore selectively decreases neuronal activity at ipsilateral LOT synapses and allows use of the contralateral hemisphere as an internal control for the effects of sensory deprivation. We show that naris occlusion greatly delayed, but did not block, the maturation of glutamatergic signaling at LOT synapses. This result is consistent with a role for spontaneous activity in the maturation of neural circuits (Zhu et al., 2000) . Alternatively, odor-evoked responses may only be strongly attenuated rather than completely blocked by naris occlusion due to trans-septal passage of odors ( 
ticity.
It is generally believed that NMDARs contribute more to synaptic transmission than AMPARs during early first postnatal month, we find a developmental increase development and that AMPARs play a progressively in the relative contribution of AMPARs versus NMDARs greater role in transmission during the maturation of at sensory LOT synapses that is regulated by early sencentral circuits. A popular view is that immature, silent sory experience. In contrast, NMDARs dominate over synapses contain only NMDARs and that AMPARs are AMPARs at associational synapses on the same cells, then incorporated into the synapse in an activityand the relative contribution of the two receptor types dependent manner. The cellular mechanisms mediating to transmission is unaltered by early sensory experiactivity-dependent increases in AMPAR-mediated transence. The developmental change in signaling at LOT mission are presumed to be identical to those mediatsynapses is associated with a marked activity-depening the expression of NMDAR-dependent LTP. Indeed, dent downregulation of NMDARs and relatively modest silent synapses have been described in the developing increase in AMPAR-mediated transmission. In contrast to a simple AMPAR-insertion model, our the uptake-sensitive component of NMDAR EPSCs. Together, these data are most consistent with a strong data indicate that the expression of synaptic NMDARs is downregulated by early experience at LOT synapses.
activity-dependent decrease in NMDAR expression and only a weaker increase in AMPAR expression. Addition of AMPARs at functional LOT synapses should result in an increase in the average quantal amplitude One might also expect that an activity-dependent insertion of synaptic AMPARs driven by olfactory experiof AMPAR-mediated currents. However, we found neither a developmental nor an activity-dependent change ence would occlude LTP at LOT inputs. Indeed, we found that LTP was more robustly expressed at dein the quantal amplitude of LOT synapses. If AMPARs were inserted at synapses in a fixed, "quantal" number, prived versus spared synapses after weak tetanic stimulation. However, the magnitude of LTP in spared and this would not be revealed in our measurements of quantal amplitude. However, any addition of AMPARs deprived synapses converged with strong tetanic stimulation. This result is inconsistent with occlusion of LTP would be revealed by synaptic I/O relationships. We did see a small (w20%) but variable difference in AMPAR at spared synapses. Moreover, we could mimic the effects of sensory experience on the induction of LTP by I/O relationships between spared and deprived synapses. However, this increase in AMPAR-containing acute, partial block of NMDARs. Together, our findings demonstrate that the threshold for LTP induction is synapses alone is insufficient to account for the w50% raised by an activity-dependent downregulation of from the same mitral cells may also give rise to NMDARNMDARs.
only synapses onto the same pyramidal cells. NMDARIf LTP reflects the conversion of silent synapses to only synapses at LOT inputs would be ideal for generatfunctional AMPAR-containing sites at LOT inputs, it ing synaptic plasticity that contributes to maternal could be argued that the experience-dependent loss of imprinting. NMDAR-only inputs should also lead to a reduction in Neonatal rats must learn their mother's odor to surthe maximal amount of LTP. We may have underestivive, and during early development strong maternal atmated the maximal level of LTP in our experiments if tachments are imprinted via the olfactory system. Fureven "strong" TBS did not saturate LTP at LOT inputs. thermore, a variety of studies indicate that memories of Also, the experience-dependent reduction in NMDARs early olfactory experience persist throughout adultcould occur in a graded rather than an all-or-none fashhood (Leon, 1992). Maturation of the locus coeruleus ion at silent LOT synapses. At the developmental and amygdala are thought to underlie closure of the period that we examined, we cannot exclude the possisensitive period for maternal imprinting (Sullivan, 2003) . bility that the "loss" of silent synapses in our recordings Plasticity at LOT synapses might contribute to the peralso reflects individual NMDAR-only synapses with so sistence of early olfactory memories. Indeed, a recent few NMDARs that they escape detection. . Quantal events were of sensory information into the olfactory cortex. Axons
